Genetic diversity and relationships among 63 isolates of Escherichia coli from infants in Finland with septicemia or meningitis were assessed by analyzing electrophoretic variation in 21 enzymes encoded by chromosomal genes. Thirty-nine multilocus genotypes (electrophoretic types) were distinguished, 23 of which formed a closely related, distinctive subset (group 1) of five or six clones represented by 40 (63%) of the isolates. The remaining isolates represented a second subset of 16 electrophoretic types (group 2) that were, on the average, rather more distantly related to one another. Although the number of electrophoretic types causing neonatal systemic disease is smaller than that occurring in healthy intestinal floras, the pathogenic electrophoretic types are only slightly less diverse genetically. Isolates of group 1 were characterized by relatively high incidences of hemolysin production and S, type 1, type 1C, and P fimbriae. However, because phenotypic characters, considered individually or in combination, did not adequately reflect the overall genetic relationships of isolates, it is recommended that the genetic structure of populations be defined on the basis of multilocus chromosomal genotypes.
The occurrence of several types of fimbriae, X adhesins, and hemolysin in 63 isolates of Escherichia coli recovered from infants in Finland with septicemia or meningitis was recently studied by Korhonen et al. (21) in an effort to identify factors contributing to the specific pathogenicity of bacteria causing these diseases. On the basis of observed associations of these phenotypic characters with certain O:K:H serotypes, these workers recognized four clones, to which 21 (33%) of the 63 isolates were assigned.
In the research reported here, the genetic relationships of most of the Finnish isolates studied by Korhonen et al. (21) were examined by electrophoretic assessment of allelic variation at 21 enzyme-encoding chromosomal gene loci. Our study demonstrates that, although there is some association between serotypes, fimbrial types, X adhesins, hemolysin production, aerobactin synthesis, and genetic population structure, as defined by multilocus enzyme analysis, these characters do not provide an adequate or reliable basis for distinguishing clones. The analysis of population structure by multilocus enzyme electrophoresis furnishes a genetic framework for studies of the distribution of phenotypic properties that have been identified or implicated as virulence factors in neonatal septicemia and meningitis.
MATERIALS AND METHODS
Bacterial isolates. Sixty-three strains of E. coli isolated in 1974 through 1977 in several diagnostic laboratories in Finland were examined (Table 1) . Each isolate was recovered from the blood or cerebrospinal fluid of an infant less than 6 months of age with a septic infection. Meningitis was diagnosed by lumbar puncture in 13 infants, but meningeal involvement probably was present in most of the other infants, although it was not specifically diagnosed. Ten of the 63 infections were fatal.
Characterization of isolates. The 63 isolates we examined * Corresponding author.
included all but 5 of the isolates described by Korhonen et al. (21) and 5 additional isolates not included in their study. Fifty-eight of the 63 isolates were earlier characterized by Korhonen et al. (21) for O:K:H serotype, hemolysin production, and the occurrence of P, S, and type 1 fimbriae and X adhesins. (X adhesins is a term applied to a heterogeneous group of mannose-resistant adhesins that have not been characterized with respect to their binding affinities [20, 43] .) In addition, the isolates have now been tested for type 1C fimbriae (31, 32) and assayed for synthesis of the hydroxamate siderophore aerobactin (5) . Multilocus enzyme electrophoresis. Each isolate was characterized by the electrophoretic mobilities of the 21 watersoluble enzymes listed in Table 2 . Methods of preparation of lysates, starch-gel electrophoresis, and the demonstration of specific enzyme activity have been described elsewhere (R. K. Selander, D. A. Caugant, H. Ochman, J. M. Musser, M. N. Gilmour, and T. S. Whittam, Appl. Environ. Microbiol., in press).
Electromorphs (allozymes) of each enzyme, numbered in order of decreasing anodal mobility, were equated with alleles at the corresponding chromosomal gene locus, and distinctive combinations of alleles over the 21 loci assayed (multilocus genotypes) were designated as electrophoretic types (ETs) (8) .
Statistical methods. Genetic diversity at a locus among ETs or isolates was calculated as h = (1 -I x2) (nln -1), where xi is the frequency of the ith allele and n is the number of ETs or isolates (26) . Mean genetic diversity (h) is the arithmetic average of h values for all loci.
Genetic distance (D) between pairs of isolates or pairs of ETs was expressed as either the actual number or the proportion of enzyme loci at which dissimilar alleles occurred (mismatches). Because h estimates the average probability, over the number of loci (L) examined, that two alleles at a locus drawn randomly from a population of strains will be dissimilar, mean Clustering was performed from a matrix of genetic distances by the average-linkage method (41) . G statistics (25) were used to apportion genetic diversity within and between groups of ETs or isolates defined by various traits.
RESULTS
Electrophoretic types and genetic diversity. All 21 enzyme loci were polymorphic, and the mean number of alleles per locus was 3.9 ( Table 2 ). The 63 isolates were assigned to 39 distinctive multilocus ETs (Table 1) , among which the mean genetic diversity per locus (h) was 0.369 (inter-locus variance, S2= 0.063). There was slightly less diversity among the 63 isolates, as opposed to ETs (h = 0.334; S2 = 0.066), reflecting the circumstance that nine of the 39 ETs were represented by two or more isolates.
Relationships among the 39 ETs are shown in Fig. 1 . The smallest observed genetic distance (0.05) in the dendrogram corresponds to a single-locus difference between ETs, and the largest distance (0.54) corresponds to differences at 11 of the 21 loci assayed. ETs with a genetic distance less than 0.20 were considered to be members of the same clone (see Discussion).
The dendrogram in Fig. 1 (27) . Isolates of this clone differed from those of the 018:K1:(H7)/OMP 6 or 9 clone in having faster-migrating electromorphs of 6-phosphogluconate dehydrogenase ( To analyze genetic variation among isolates sharing the same presence-or-absence pattern of the four types of fimbriae and X adhesins, we calculated mean genetic diversity per locus (i) among those ETs represented by isolates of each of seven patterns (Table 4) . Total diversity among ETs in the sample was 0.336, and the average diversity within patterns was 0.291, or 87% of the total. Thus, we found no close association between fimbriation-X adhesin pattern and chromosomal enzyme genotype.
Distribution of phenotypic traits in ET groups 1 and 2. In Table 5 , we have analyzed the distribution of each of seven phenotypic traits in terms of frequency of occurrence in both ETs and isolates of groups 1 and 2. S fimbriae and type 1 fimbriae occurred in higher frequencies in both ETs and isolates of group 1 than in those of group 2, and the observed restriction of type 1C fimbriae to ETs in cluster B of group 1 apparently reflects a statistically significant difference between the two groups. For P fimbriae, X adhesins, hemolysin production, and aerobactin synthesis, the observed differences in frequency of occurrence between groups 1 and 2 are not statistically significant at the conventional level of P < 0.05. However, it is noteWorthy that, in group 2, all the isolates in ETs 26 through 36 and ET 39 lacked P fimbriae and that 11 of 13 isolates in these ETs also lacked type 1 fimbriae. And the data suggest that hemolysin production occurs more frequently among isolates of group 1 than among those of group 2. Note that hemolysin production is widely distributed among ETs of group 1 but in group 2 occurs only in ETs 24 and estimates for a sample of E. coli recovered from the feces of healthy persons in Finland (44) . Note that the values of h in Table 6 are based on only 18 enzyme loci, rather than the 21 loci assayed in the present study; indophenol oxidase, peptidase 4, and ,-galactosidase were not scored for isolates in the fecal sample. Because interlocus variation in h is very large, meaningful comparisons of estimates of genetic diversity among samples must be based on the same set of enzymes (36, 39) .
Mean genetic diversity among the 39 ETs of the septicemia-meningitis isolates was nearly equivalent to comparable values for the 34 ETs in the sample of fecal isolates. However, mean diversity calculated for the 63 isolates was distinctly smaller, reflecting the circumstance that a larger proportion of the septicemia-meningitis ETs was represented by multiple isolates than in the case of the ETs recovered from feces. The data in Table 6 indicate that, although the number of ETs causing septicemia and meningitis is much smaller than the number of ETs occurring in the intestinal floras of healthy persons, the pathogenic ETs are only slightly less diverse genetically. The inference is that many cell lines with very distinctive chromosomal genotypes have, through convergent evolution, chromosomal recombination, or plasmid transfer, acquired the ability to cause systemic infections in neonates.
Although mean genetic diversity (h) for the septicemiameningitis sample was not markedly different from that for the sample from the intestinal floras of healthy persons, the distributions of pairwise genetic distances (D) between ETs or isolates were very dissimilar (Fig. 2) . For both fecal ETs and isolates, the distribution was unimodal. In contrast, it was bimodal for the septicemia-meningitis ETs and isolates, reflecting the occurrence of two major groups of ETs: (i) the group 1 cluster of ETs 1 through 23, all of which are relatively closely related, and (ii) the 16 ETs of group 2, most of which differ markedly from one another and all of which are distantly related to group 1. As shown in Table 5 , group 1 differs from group 2 in having larger proportions of both ETs and isolates with S, type 1, and type 1C fimbriae.
A unimodal distribution of pairwise genetic distances was earlier reported by Caugant et al. (8) for a sample of 53 ETs recovered from the intestinal flora of a single human, and a similar distribution is shown by ETs from fecal samples of healthy Swedish schoolgirls (6; R. K. Selander, unpublished data).
In sum, the genetic structure of populations of E. coli causing systemic infection in neonates is characterized by the occurrence of two distinctive groups of strains, a subset of 23 ETs that differ from one another at only one or a few loci (group 1) and another subset of 16 ETs that, like those in intestinal floras, are on the average rather more distantly related to one another (group 2). The two groups differ in the frequency of occurrence of several phenotypic characters ( Table 5) .
Association of phenotypic characters with genetic structure.
Our analysis detected some degree of association between the presence of certain types of fimbriae and genetic population structure, as defined by multilocus enzyme electro- phoresis. For example, type 1C fimbriae were found only in isolates of one clone (cluster B); globally, these fimbriae are known to be associated with only a small number of 0 serogroups (31, 32) . In view of their restricted distribution, it may be significant that type 1C fimbriae are relatively homogeneous in molecular weight and in antigenic determinants (32) . Their apparent uniformity of structure and limited distribution suggest that they have evolved relatively recently. S fimbriae are also relatively homogeneous in structure (20) , and it is noteworthy that they also occur in association with a limited number of serotypes (21) and electrophoretic types (Table 1) . Relatively little is known of the structure and genetics of X adhesins (13) , which have been recorded most frequently in fecal and human pathogenic isolates of serogroups 02 and 075 (20, 43) . In our material, X adhesins occurred in isolates of only a limited number of ETs, namely, those of clusters B, G, and H. In contrast with type 1C fimbriae, S fimbriae, and X adhesins, P fimbriae occur widely in E. coli isolated from extraintestinal infections and are heterogeneous in subunit size and in antigenic properties (19, 34, 35 ; A. Pere, V. Vaisanen-Rhen, N. Rhen, J. Tenhunen, and T. K. Korhonen, Infect. Immunol., in press). Genes for P fimbriae may occur at multiple chromosomal sites (15) , and many isolates express two variant forms of these fimbriae (34; Pere et al.,  in press). The fact that P fimbriae occur in ETs that are only distantly related (e.g., those in clusters A and H) suggests that they have spread by gene transfer; there is preliminary evidence that transposition has been involved in the evolution of P-fimbrial genes (33) .
Type 1 fimbriae also are widely distributed in E. coli (10) and probably evolved earlier than the other fimbrial types. Their genetic basis is complex, involving a cluster of chromosomal genes encoding the fimbrial polypeptide subunit and several other genes required for expression of the fimbriae (9, 30) . In view of their common occurrence in the species as a whole, their absence in ETs of all but two clusters in group 2 is noteworthy.
The several genes required for the synthesis of hemolysin are plasmid borne in some strains (40) but are chromosomal in many of the strains associated with human extraintestinal infections (16) . Some strains carry and express two structurally different sets of the chromosomal gene complex (18) . In our analysis, hemolysin varied in expression even among isolates belonging to the same ET, a circumstance perhaps explained by the observation that hemolytic capacity is spontaneously lost, by chromosomal deletion, at high rates in certain strains (12) .
Expression of the aerobactin-mediated iron transport system is determined by a cluster of five genes located on the ColV plasmid, one of which encodes an inducible outer membrane receptor protein for the ferric-aerobactin complex (4, 11) . The occurrence of aerobactin production in distantly related strains may result from transfer of the plasmid, and variation among isolates of the same ET in ability to produce aerobactin presumably reflects loss of the plasmid in vivo or in culture.
Criteria for defining clonal structure. The present study emphasizes the importance of defining clones and other aspects of the genetic structure of populations of E. coli on the basis of allelic variation in chromosomal genes rather than serotypes, fimbriation, and other phenotypic characters. At the present time, multilocus enzyme electrophoresis is the only feasible method of assessing allelic variation at large numbers of chromosomal gene loci in large samples of isolates (28 (23), plasmids and plasmid-controlled characters should not be used as primary criteria for clone identification because they do not directly index the relationships of the chromosomal genomes of the cell lines in which they occur (1) .
In considering various types of characters for use in defining genetic population structure, it should be realized that null character states are relatively uninformative because of frequent evolutionary convergence. In the case of an enzyme, for example, substitutions at any of a large number of amino acid sites may render the enzyme inactive, and mutations at regulatory loci may stop transcription or translation. In all such cases, the result is a common null phenotype. In contrast, changes in the electrophoretic mobility of an enzyme are likely to be produced by only a fraction of all possible amino acid substitutions. Because we often find pairs of ETs of E. coli differing only in that one member is null for alcohol dehydrogenase, we suspect that the alcohol dehydrogenase locus is highly mutable or subject to strong selection for the null phenotype (or both) in vivo and in culture.
If clones are defined by multilocus enzyme genotype, as it indexes the chromosomal genome, the problem arises as to whether to designate each ET as a separate clone or to adopt a less rigorous criterion than complete genotypic identity of isolates. As a working rule, we recommend that isolates of E. coli be considered members of the same clone if they differ at no more than two or three loci, with the added provision that null alleles at the ADH locus be excluded from consideration for reasons mentioned above. A more precise definition seems impractical because the number of enzymelocus differences will vary to some extent with the total number of enzymes assayed in different studies.
By the definition suggested here, each of the six clusters A, D, E, F, G, and H (Fig. 1) represents a clone composed of two or more subclones. It is arbitrary whether the ETs in clusters B and C are considered members of two separate clones or subclones. Adding the 10 branches in the dendrogram represented by single ETs, there is a total of 17 or 18 clones in the sample of 63 isolates.
It is noteworthy that 63% of the cases of systemic neonatal infection represented in our collection of isolates were caused by strains belonging to the five or six closely related clones that constitute group 1.
